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Electric field-induced irreversible relaxor to ferroelectric phase transformations 
in Na0.5Bi0.5TiO3-NaNbO3 ceramics 
 
Ge Wang,a,b Zhilun Lu,a Zhenbo Zhang,b Antonio. Feteira,c Chiu. C. Tang,d David. A. Hallb 
;く DWヮ;ヴデﾏWﾐデ ﾗa M;デWヴｷ;ﾉゲ SIｷWﾐIW ;ﾐS EﾐｪｷﾐWWヴｷﾐｪが Uﾐｷ┗Wヴゲｷデ┞ ﾗa SｴWaaｷWﾉSが SｴWaaｷWﾉS Sヱ ンJDが UKく 
Hく SIｴﾗﾗﾉ ﾗa M;デWヴｷ;ﾉゲが Uﾐｷ┗Wヴゲｷデ┞ ﾗa M;ﾐIｴWゲデWヴが M;ﾐIｴWゲデWヴが Mヱン ΓPLが UKく 
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(1-x)Na0.5Bi0.5TiO3-xNaNbO3 (x=0.02, 0.04, 0.06 and 0.08) ceramics were fabricated by solid 
state reaction. High-resolution synchrotron x-ray powder diffraction (SXPD) data, coupled with 
macroscopic electromechanical measurements, reveal the occurrence of an electric field-
induced irreversible crystallographic transformation for x=0.02 and 0.04, from a pseudo-cubic 
non-ergodic relaxor to a rhombohedral or coexisting rhombohedral-tetragonal long range-
ordered ferroelectric phase respectively. The highest unipolar electrostrain, corresponding to 
an effective longitudinal piezoelectric strain coefficient of approximately 340 pm V-1, was 
obtained for x=0.04; this effect is attributed to enhanced domain switching as a result of the co-
existing rhombohedral and tetragonal phases for this composition, which is critical for 
piezoelectric actuator applications. 
 
Keywords: sodium bismuth titanate, phase transformation, high-resolution synchrotron x-ray 
diffraction, ferroelectric, relaxor ferroelectric 
  
1. Introduction 
For many decades, electromechanical devices such as actuators, transducers and sensors 
have been manufactured using lead zirconate titanate (PZT) ceramics, with compositions near 
a so-called morphotropic phase boundary (MPB). Coexistence of rhombohedral and tetragonal 
crystal symmetries at the MPB leads to large piezoelectric and electromechanical coupling 
coefficients.[1] Nevertheless, confirmed legislation restricting the use of lead in electronics due 
its hazardous and toxic nature demands the substitution of PZT by Pb-free alternatives. Indeed, 
significant research has been conducted in order to develop Pb-free piezoelectrics that may be 
suitable to replace PZT in many technological applications.[2] 
First reported in 1961, Na0.5Bi0.5TiO3 (NBT) has become one of the most popular candidates to 
replace PZT because of its high remnant polarization and electric field-induced strain.[3] 
Undoped NBT ceramics exhibit a large coercive field (Ec),[4] but, due to interest in 
electromechanical actuator applications, several NBT-based solid solutions been developed 
such as NBT-0.06BaTiO3-K0.5Na0.5NbO3 (NBT-BT-KNN). Such materials tend to exhibit lower 
Ec values but still provide large electric field induced strains.[5, 6]. Recently, NBT-based solid 
solutions such as NBT-0.08BT-NaNbO3(NN) have also been explored for dielectric energy 
storage applications.[7] The temperature-dependence relative permittivity of NBT-based 
materials is often marked by a significant frequency dispersion, which is due to the presence of 
polar nano-regions (PNRs), commonly found in other lead [8-14] and lead-free [15-21] relaxor 
ferroelectrics (RFs). NBT-based solid solutions, such as NBT-0.07BT and NBT-xKNbO3 (NBT-
xKN) (x=0.01-0.09) are often reported to have a pseudo-cubic structure, commensurate with a 
RF. [22, 23] Interestingly, the structure of unmodified NBT has been described as 
macroscopically rhombohedral with localised nanoscale monoclinic regions. [24, 25]  
It has been shown that many NBT-based ceramics exhibit improved electrostrain as a result of 
an electric field-induced phase transformation from a non-ergodic RF to a metastable 
ferroelectric (FE) state. This is accompanied by a transformation from pseudo-cubic to 
distinctive lower-symmetry structures. For example, an electric field-induced structural 
transformation from pseudo-cubic to mixed rhombohedral and tetragonal phases was found in 
NBT-0.07BT by Daniel [23], generating a high electric field-induced strain of 0.42% in single 
crystal form. [26] Furthermore, the addition of 1-2% KNN to NBT-BT leads to a higher 
polarisation and an even higher electric field-induced strain ~ 0.49%, as found by Jo [27] in bulk 
ceramics. In the related NBT-0.2K0.5Bi0.5TiO3(NBT-KBT) solid solution, a structural 
transformation from pseudo-cubic to a combination of rhombohedral and tetragonal symmetries 
was identified by Royles et al [28] using “in-situ” synchrotron x-ray diffraction. Recently, an 
electric-field induced structural transformation from pseudo-cubic to rhombohedral was also 
reported in the (1-x)NBT-xKN solid solutions with x=0.01-0.05.[22]. This transformation was 
also found to be reversible upon heating.[29]  
NaNbO3 (NN) is generally accepted to be an anti-ferroelectric (AFE) compound with 
orthorhombic structure.[30] Nevertheless, refinement of high-resolution neutron diffraction data 
has revealed a FE monoclinic structure.[31] Recently, Jung et al [32] proposed using pure NN 
in piezoelectric nano-devices, such as a piezoelectric nano-generator. Moreover, NaNbO3 is 
reported to be a promising lead-free material for high energy density ceramic capacitors. By 
adding a small amount of Bi2O3, an ultrahigh energy storage efficiency of 85.4% and energy 
density of 4.03 J cm-3 at 250 kV cm-1 was reported by Zhou et al. [33] Overall, NN is regarded 
as an attractive lead-free piezoelectric end-member, particularly in binary or ternary solid 
solutions such as (Na, K, Li)NbO3.[34, 35] Li et al investigated the NBT-xNN solid solution and 
identified a rhombohedral structure with x=0-0.06, which changes to pseudo-cubic when x 
increases to 0.1.[36] On the other hand, a single-phase rhombohedral structure was reported 
by Wu et al [37] in NBT-xNN ceramics with x=0.1-0.4, however these researchers did not 
investigate the impact of electrical poling on crystal structure. The best piezoelectric properties 
were found for NBT-0.02NN, with d33=80-88 pC N-1 and kp=18 %, but the results of electrostrain 
measurements were not reported.[36] Another study was focused on both dielectric and 
impedance analysis for NBT-xNN, but largely ignored compositional effects.[38] Recently, a 
relative permittivity reaching 1500 over a wide temperature range was reported for NBT-xNN 
with high NN contents (x=0.4-0.6), which suggests that such compositions might be suitable for 
use as dielectrics in high temperature capacitor applications. It is also notable that increasing 
NN content in NBT-NN solid solutions leads to improved dielectric energy storage density up to 
0.71 J cm-3 at a maximum electric field of 7 kV cm-1, as reported by Xu et al.[7, 39]  
The aim of the present study is to precisely determine the impact of electric field on crystal 
structure and phase transformations in NBT-xNN (x=0.02-0.08) ceramics using high-resolution 
x-ray powder diffraction (SXPD). Detailed crystallographic parameters are obtained from full-
pattern refinements. As reported previously by Wang [22], this was achieved using crushed 
powders derived from unpoled and poled ceramic pellets to analyse the electric field-induced 
structural transformations. Microstructure, ferroelectric and piezoelectric properties are 
investigated alongside crystal structure determination, to provide further insight into the 
structure-property relationships. 
2. Experimental Procedure 
Na0.5Bi0.5TiO3-xNaNbO3 (x=0.02, 0.04, 0.06 and 0.08) ceramics were synthesized by the solid-
state reaction method using analytical-grade powders: Na2CO3(99.8%), Bi2O3(99%), TiO2(99%), 
Nb2O5(99%). Mixed powders were milled for 24 h in propan-2-ol using zirconia milling media, 
subsequently dried and then calcined for 10 h at 900 °C to form the solid solution. Calcined 
powders were re-milled for 24 h to break down particle aggregates and reduce particle size. 
Dried powders were pressed into 6.5 mm diameter pellets under a uniaxial pressure of 150 
MPa and sintered at 1180 °C for 3 h in air. 
Sintered ceramic samples having a relative density of approximately 95% were finely ground, 
coated with silver paste (Gwent group) and fired at 500 °C for 30 min to form electrodes. For 
measurement of ferroelectric properties, the specimens were placed in a silicone oil bath and 
tested using an electric field up to 6.5 kV mm-1 at a frequency of 1 Hz. The amplitude of the 
electric field was confirmed to be beyond coercive field for NBT-based materials, thereby 
allowing investigations of the electric field-induced structural transformation. [22, 29, 40-43] 
Ferroelectric polarisation-electric field loops were recorded using the method described 
previously.[44] The longitudinal piezoelectric charge coefficient, d33, was measured using a 
Piezotest PM300 d33 meter. Strain-electric field loops were obtained using an aixACCT TF 
2000E tester at a frequency of 1 Hz at room temperature. The displacement data was 
synchronously captured by a laser interferometer. Microstructural examination of the polished 
cross-sections was carried out by scanning electron microscopy (SEM) using a Phillip XL30. 
Average grain sizes were determined by the linear intercept method. 
Phase identification and structural parameter analysis was achieved by high-resolution 
synchrotron x-ray diffraction (SXPD) measurements at beamline I11,[45] Diamond Light Source 
Ltd., UK. The wavelength of the incident beam (=0.494731(10) Å) was calibrated using a 
diffraction pattern from a high quality Si powder. Unpoled ceramic powders were prepared by 
crushing as-sintered ceramic pellets, followed by an annealing procedure at 550 °C for 4 h to 
eliminate residual stress. Poled ceramic pellets were prepared similarly by first removing the 
conductive electrodes then crushing into fine powder. It was reported previously that such a 
crushing procedure can be an effective approach to examine electric field-induced structural 
transformations.[46] The powder samples were loaded and compacted into 0.3 mm diameter 
glass capillaries, which were mounted onto the spinning capillary holder on the beamline. An 
energy of 25 keV was used while the diffraction patterns were recorded using a multi-analyser 
crystal (MAC) detector. Full-pattern refinements of the SXPD patterns were carried out using 
TOPAS 5.[47] Results of crystallographic parameters and phase fractions were obtained by 
refinements presented below. 
 
3. Results and Discussions 
3.1. Structural characterisation of NBT-xNN (x=0.02-0.08) ceramic powders 
All NBT-xNN powders are found to be single-phase perovskite-type solid solutions, as 
confirmed by the SXPD data. Representative diffraction peak profiles for NBT-xNN powders 
are presented in Figure 1, showing the {111}p, {200}p, {211}p and {220}p peak profiles of the 4 
compositions for both unpoled and poled powders.  
 
Figure 1. Selected diffraction peak profiles of {110}p, {111}p, {200}p, and {211}p for NBT-xNN 
powders with x=0.02-0.08, showing both unpoled (black lines) and poled (red lines) states. 
For the unpoled state, single peaks are evident for all 4 compositions indicating a predominantly 
pseudo-cubic structure. All of the peaks shifts to lower angles with increasing NN concentration, 
indicating an expansion of the lattice. In contrast, for the poled state, peak splitting occurs for x 
= 0.02 and x = 0.04. Specifically, a rhombohedral phase, characterised by double {110}p, {111}p, 
{211}p peaks and a single {200}p peak, are identified for NBT-0.02NN. For NBT-0.04NN, all four 
peaks are observed to be doublets, indicating a mixed phase of rhombohedral and tetragonal 
structures. These distorted structures are retained after removing the electric field and crushing 
the ceramic into powder form prior to the SXPD measurements, indicating the occurrence of 
an irreversible electric field-induced structural transformation. A similar irreversible field-induced 
structural transformation from pseudo-cubic to rhombohedral was observed in NBT-xKN 
(x=0.01-0.05) solid solutions, which was attributed to the nonergodic-relaxor (NR) phase. For 
a NR, a pseudo-cubic structure is observed for the unpoled state, which can be transformed 
into a metastable FE rhombohedral state upon the application of an electric field, which is 
retained when the electric field is reduced to zero. 
It is concluded that the application of an electric field irreversibly transforms the pseudo-cubic 
phase into a rhombohedral structure, for both NBT-0.02NN and NBT-0.04NN ceramics, 
indicating their NR nature. In contrast, only slight peak shifts and no peak splitting are evident 
for NBT-0.06NN and NBT-0.08NN, which comprise a pseudo-cubic phase before and after 
electrical poling. These observations are attributed to increasing disorder due to the 
incorporation of NN into the NBT solid solution, as reported in the similar NBT-KN system.[22]  
Full-pattern refinement of the diffraction data for NBT-0.02NN and NBT-0.04NN was carried out 
using TOPAS 5 in order to obtain the crystallographic parameters and quantify the relative 
phase fractions. For both unpoled and poled powders, experimental diffraction data are fitted 
using several single or mixed-phase models, such as the rhombohedral R3m/R3c, monoclinic 
Cc, tetragonal P4bm (weak-polar), P4mm and cubic ܲ݉ത͵݉. The best fits for NBT-0.02NN and 
NBT-0.04NN in the unpoled state are obtained using a single cubic phase, as shown in Figure 
2(a-b). The experimental and calculated diffraction patterns are presented in Figure 2(a-b) with 
representative peak profiles for {110}p, {111}p and {200}p and {211}p shown as inserts. The 
crystallographic parameters determined from the refinements are listed in Table 1 below. In 
contrast, the best fit for poled NBT-0.02NN is obtained using a single-phase rhombohedral R3c 
structure, as shown in Fig. 2(c), whereas for NBT-0.04NN a mixed-phase refinement comprising 
rhombohedral R3c phase (52%) and tetragonal weak-polar P4bm phase (47%) is favoured, as 
illustrated in Figure 2(d). A significant superlattice diffraction peak, corresponding to the ሺଷଶ ଵଶ ଵଶሻ௣ 
reflection of the R3c phase, is also observed for both compositions in the poled state (Figure 
2c,d) at a 2し value of approximately 12.2°, which is related to oxygen octahedral tilting in the 
R3c rhombohedral phase.[48] Additionally, ½(310) at 2し ~ 16.37078° and ½(510) at 2し ~ 
26.54414°, corresponding to P4bm superlattice peaks, are observed for poled NBT-0.04NN. 
There were no obvious changes in crystal structure for NBT-0.06NN and NBT-0.08NN, which 
yielded the best fits using a single phase Pm ത͵m structure, as shown in Figure S1-2 (supporting 
information). 
Figure 2. The SXPD full pattern refinements for (a) unpoled NBT-0.02NN, (b) unpoled NBT-
0.04NN, (c) poled NBF-0.02NN and (d) poled NBT-0.04NN. The black circles are experimental 
data, the red line represents the calculated results from the full-pattern refinement, and the 
green line is the difference profile between experimental and calculated diffraction patterns.  
Table 1. Phase fractions and crystallographic parameters determined from full-pattern 
refinements for NBT-0.02NN (2NN) and NBT-0.04NN (4NN), in both unpoled (UN) and poled 
(P) states; R: R3c, C: Pm ത͵m and T: P4bm phase; GOF: Goodness of Fitting. 
To facilitate a comparison between the crystal structures of the NBT-NN powders in the unpoled 
and poled states, the rhombohedral structure is transformed into the equivalent pseudo-cubic 
setting following the method described previously. [22] The results obtained for the changes in 
lattice parameter, apc, and inter-axial angle, gpc, as a function of composition for the NBT-xNN 
solid solution system are illustrated in Figure 3. For the unpoled state, a single pseudo-cubic 
phase is identified for all compositions with x=0.02-0.08, while apc increased from 3.88062(11) 
to 3.88952(2) Å with increasing NN concentration. The latter trend is consistent with the sizes 
of the constituent ions, with the estimated effective ionic radius of Na+ (1.39 Å) being greater 
than that of Bi3+ (1.03 Å) in 12-fold co-ordination and that of Nb5+ (0.64 Å) being greater than 
that of Ti4+ (0.605 Å) in 6-fold co-ordination.[49] During poling of NBT-0.02NN, the structural 
transformation generates a significant increase of apc, from ~3.88062(11) Å to 3.89903(7) Å, 
and reduction of gpc, from ~90.015°(3) to 89.663°(6). For NBT-0.04NN, the application of an 
Materials 
Phases / % Lattice parameter 
GOF 
R C T 
R C T 
a / Å c / Å a / Å  a / Å c / Å 
UN-2NN 0 100 0 N/A 3.8806(11) N/A 1.96 
UN-4NN 0 100 0 N/A 3.8825(5) N/A 1.85 
P-2NN 100 0 0 5.4825 (5) 13.5477 (11) N/A N/A 2.13 
P-4NN 52 0 48 5.4838(3) 13.5394(9) N/A 5.49654(4) 3.90308(8) 1.87 
electric field results in significant transformations from a pseudo-cubic phase (apc~3.88252(5) 
Å) to mixed rhombohedral (apc~3.89836(9) Å, gpc~89.697°) and tetragonal (c/a~1.0042) phases. 
Figure 3. Variations in (a) lattice parameter and (b) inter-axial angle as a function of composition 
for both unpoled and poled NBT-xNN ceramic powders. The uncertainty in lattice parameters if 
not shown lies within the size of the data point. 
3.2. Polarisation-electric field (P-E) and current density (J-E) loops 
The P-E and J-E loops obtained for the NBT-xNN ceramics at room temperature, after poling 
under an AC electric field of 6.5 kV mm-1, are displayed in Figure 4(a-d). Typical FE switching 
behaviour is observed for both NBT-0.02NN and NBT-0.04NN at room temperature with high 
remanent polarization values of approximately 0.24 and 0.28 C m-2, respectively, indicating that 
an irreversible phase transformation from weak-polar to ordered FE phase had occurred under 
application of the electric field, denoted as the NR to FE transition.[50] Further evidence can 
also be found from the appearance of the J-E loops in that a single switching peak is observed 
at the FE coercive field. This type of irreversible electric field-induced phase transformation was 
reported previously by Wang and Jo, who observed similar behaviour in NBT-KN and NBT-BT 
solid solutions.[22, 51] In contrast, the constricted P-E loops, for both NBT-0.06NN and NBT-
0.08NN ceramics, are similar in appearance to those observed in other NBT-based systems.[48, 
52] Both of these compositions still exhibit a relatively high maximum polarisation ~0.3 C m -2, 
but the remanent polarisation values are reduced to approximately 0.2 and 0.1 C m-2 
respectively. In addition, two peaks are present in the sections of the J-E loops corresponding 
to both increasing and reducing electric field. This type of behaviour is usually attributed to 
reversible transformations between weak-polar and metastable long-range ordered FE phases, 
with the forward and backward transition fields being denoted TR-F and TF-R, respectively. [53] 
The influence of NN content on the maximum polarisation (Pmax), remanent polarisation (Prem), 
Ec and piezoelectric coefficient (d33) for NBT-xNN ceramics are illustrated by the results 
presented in Figure 4(e, f). The highest values of Prem~0.28 C m-2, Pmax~0.36 C m-2 and d33~118 
p CN-1 are achieved for the NBT-0.04NN ceramic due to the electric field-induced NR to FE 
phase transformation and the resulting coexistence of FE rhombohedral and tetragonal phases. 
 
Figure 4. (a-d) P-E and J-E loops (e-f) Variations in Pmax, Prem, Ec and d33 with NN content for 
NBT-xNN ceramics. *The d33 value for x=0.00 was obtained from literature.[36]  
3.3. Strain-electric field (S-E) loops 
Bipolar and unipolar S-E loops obtained at room temperature for NBT-xNN (x=0.02-0.08) 
ceramics under an applied electric field of 6.5 kV mm-1 are shown in Figure 5. A FE butterfly-
type S-E loop is observed for NBT-0.02NN, exhibiting a negative strain (Sneg) of ~ -0.08%, 
saturated strain (Ssat) of ~ 0.04% and maximum strain (Smax) of ~0.12%. Upon increasing NN 
concentration to 4%, the magnitude of Sneg reduces dramatically while Smax nearly doubles, with 
Sneg ~ -0.02%, Ssat ~ 0.05% and Smax ~ 0.21%. Further increments of NN content led to 
significant reductions in Smax to 0.13% and 0.08%, for NBT-0.06NN and NBT-0.08NN, 
respectively. Similar behaviour is obtained from unipolar S-E loop, exhibiting Smax of ~0.21% for 
composition with x=0.04. In summary, the highest Smax~0.21% with effective piezoelectric strain 
coefficient d33* (=Smax/Emax) ~343 pm V-1 values is obtained for x=0.04, which is attributed to the 
coexistence of rhombohedral and tetragonal phases. 
Figure 5. (a) Bipolar and (b) Unipolar S-E loops for NBT-xNN (x=0.02-0.08) ceramics. 
3.4. Microstructure of NBT-xNN ceramics 
SEM back-scattered electron images from polished cross-sections of NBT-xNN (x=0.02 to 0.08) 
bulk ceramics are illustrated in Figure 6. The grain size is relatively homogeneous, and no 
secondary phases were evident for any composition. The average grain size decreases 
systematically as NN content increases, ranging from ~8.3 ́ m for x=0.02 to ~5.8 ́ m for x=0.08. 
This effect is attributed to the lower diffusion rate for Nb5+ ions and the consequent reduction in 
grain growth rates during high temperature sintering. [54, 55]  
 
Figure 6. SEM images of polished ceramic cross-sections for (a) NBT-0.02NN (b) NBT-0.04NN 
(c) NBT-0.06NN (d) NBT-0.08NN. 
4. Conclusions 
Na0.5Bi0.5TiO3-xNaNbO3 (x=0.02-0.08) ceramics have been successfully synthesized using the 
solid state reaction method followed by conventional high temperature sintering. An irreversible 
electric field-induced structural transformation for x=0.02 and x=0.04 is identified using high-
resolution SXPD measurements. All compositions in the unpoled state are characterised by a 
pseudo-cubic structure. Rhombohedral and coexisting rhombohedral-tetragonal phases are 
observed in poled NBT-0.02NN and NBT-0.04NN ceramics, respectively, while the pseudo-
cubic structure is retained for higher NN contents. Similar electric field-induced structural 
transformations from pseudo-cubic to rhombohedral have been reported for the NBT-KN 
system. However, higher Prem~0.28 C m-2, Smax~0.21%, d33~118 pC N-1 and d33*~343 pm V-1 
values are obtained for NBT-0.04NN ceramics. Here, we reported that both piezoelectric and 
ferroelectric properties can be optimized by electric field-induced irreversible structural 
transformation from nonergodic relaxor ferroelectrics to ferroelectrics, which is critical for 
piezoelectric actuator applications. 
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ふヱЪ┝ぶふN;ヰくヵBｷヰくヵぶTｷOンど┝BｷAﾉOン ゲﾗﾉｷS ゲﾗﾉ┌デｷﾗﾐく Aヮヮﾉ Pｴ┞ゲ LWデデ ヲヰヰΒきΓンふヱヱぶぎヱヱヲΓヰヲく 
ぷヵへ )ｴ;ﾐｪ STが Kﾗ┌ﾐｪ; ABが A┌ﾉH;Iｴ Eが EｴヴWﾐHWヴｪ Hが RﾜSWﾉ Jが Gｷ;ﾐデ ゲデヴ;ｷﾐ ｷﾐ ﾉW;SどaヴWW ヮｷW┣ﾗIWヴ;ﾏｷIゲ 
BｷヰくヵN;ヰくヵTｷOンどB;TｷOンどKヰくヵN;ヰくヵNHOン ゲ┞ゲデWﾏく Aヮヮﾉ Pｴ┞ゲ LWデデく ヲヰヰΑき ΓヱふヱヱぶぎヱヱヲΓヰヶく 
ぷヶへ )ｴ;ﾐｪ STが Kﾗ┌ﾐｪ; ABが A┌ﾉH;Iｴ Eが Jﾗ Wが Gヴ;ﾐ┣ﾗ┘ Tが EｴヴWﾐHWヴｪ Hが RﾜSWﾉ Jが LW;SどaヴWW ヮｷW┣ﾗIWヴ;ﾏｷIゲ 
┘ｷデｴ ｪｷ;ﾐデ ゲデヴ;ｷﾐ ｷﾐ デｴW ゲ┞ゲデWﾏ BｷヰくヵN;ヰくヵTｷOンどB;TｷOンどKヰくヵN;ヰくヵNHOンく IIく TWﾏヮWヴ;デ┌ヴW SWヮWﾐSWﾐデ 
ヮヴﾗヮWヴデｷWゲく J Aヮヮﾉ Pｴ┞ゲ く ヲヰヰΒきヱヰンぶンふぎヰンヴヱヰΒ く 
ぷΑへ X┌ Qが Lｷ Tが H;ﾗ Hが )ｴ;ﾐｪ Sが W;ﾐｪ )が C;ﾗ Mが Y;ﾗ )が Lｷ┌ Hが Eﾐｴ;ﾐIWS WﾐWヴｪ┞ ゲデﾗヴ;ｪW ヮヴﾗヮWヴデｷWゲ ﾗa 
N;NHOン ﾏﾗSｷaｷWS BｷヰくヵN;ヰくヵTｷOン H;ゲWS IWヴ;ﾏｷIゲく J E┌ヴ CWヴ;ﾏ SﾗIく ヲヰヱヵき ンヵふヲぶぎヵヴヵどヵヵンく 
ぷΒへ W;ﾐｪ Dが C;ﾗ Mが )ｴ;ﾐｪ Sが PｷW┣ﾗWﾉWIデヴｷI ヮヴﾗヮWヴデｷWゲ ﾗa PHHaOンどPHTｷOンどPHふMｪヱっンNHヲっンぶOン デWヴﾐ;ヴ┞ 
IWヴ;ﾏｷIゲく Pｴ┞ゲ Sデ;デ┌ゲ SﾗﾉｷSｷ RRLく ヲヰヱヲき ヶぎヱンヵどヱンΑく 
ぷΓへ W;ﾐｪ Dが C;ﾗ Mが )ｴ;ﾐｪ Sが PｷW┣ﾗWﾉWIデヴｷI IWヴ;ﾏｷIゲ ｷﾐ デｴW PHSﾐOンどPHふMｪヱっンNHヲっンぶOンどPHTｷOン デWヴﾐ;ヴ┞ 
ゲ┞ゲデWﾏく J Aﾏ CWヴ;ﾏ SﾗIく ヲヰヱヱき ΓヴぎンヶΓヰどンヶΓンく  
ぷヱヰへ Lｷ Yが W;ﾐｪ Dが C;ﾗ Wが Lｷ Bが Y┌;ﾐ Jが )ｴ;ﾐｪ Dが )ｴ;ﾐｪ Sが C;ﾗ Mが EaaWIデ ﾗa MﾐOヲ ;SSｷデｷﾗﾐ ﾗﾐ ヴWﾉ;┝ﾗヴ 
HWｴ;┗ｷﾗヴ ;ﾐS WﾉWIデヴｷI;ﾉ ヮヴﾗヮWヴデｷWゲ ﾗa PMNST aWヴヴﾗWﾉWIデヴｷI IWヴ;ﾏｷIゲく CWヴ;ﾏ Iﾐデく ヲヰヱヵき ヴヱぎ ΓヶヴΑどΓヶヵヴく 
ぷヱヱへ Lｷ Yが Y┌;ﾐ Jが W;ﾐｪ Dが )ｴ;ﾐｪ Dが Jｷﾐ Hが C;ﾗ Mが EaaWIデゲ ﾗa NHが Mﾐ Sﾗヮｷﾐｪ ﾗﾐ デｴW Sデヴ┌Iデ┌ヴWが PｷW┣ﾗWﾉWIデヴｷIが 
;ﾐS DｷWﾉWIデヴｷI PヴﾗヮWヴデｷWゲ ﾗa ヰくΒPHふSﾐヰくヴヶTｷヰくヵヴぶOンどヰくヲPHふMｪヱっンNHヲっンぶOン PｷW┣ﾗWﾉWIデヴｷI CWヴ;ﾏｷIゲく J Aﾏ 
CWヴ;ﾏ SﾗIく ヲヰヱンき Γヶぎ ンヴヴヰどンヴヴΑく 
ぷヱヲへ W;ﾐｪ Dが C;ﾗ Mが )ｴ;ﾐｪ Sが Iﾐ┗Wゲデｷｪ;デｷﾗﾐ ﾗa デWヴﾐ;ヴ┞ ゲ┞ゲデWﾏ PHHaOンどPHTｷOンどPHふMｪヱっンNHヲっンぶOン ┘ｷデｴ 
ﾏﾗヴヮｴﾗデヴﾗヮｷI ヮｴ;ゲW Hﾗ┌ﾐS;ヴ┞ Iﾗﾏヮﾗゲｷデｷﾗﾐゲく J Aﾏ CWヴ;ﾏ SﾗIく ヲヰヱヲき Γヵぎ ンヲヲヰどンヲヲΒく 
ぷヱンへ W;ﾐｪ Dが C;ﾗ Mが )ｴ;ﾐｪ Sが Iﾐ┗Wゲデｷｪ;デｷﾗﾐ ﾗa デWヴﾐ;ヴ┞ ゲ┞ゲデWﾏ PHふSﾐがTｷぶOンどPHふMｪヱっンNHヲっンぶOン ┘ｷデｴ 
ﾏﾗヴヮｴﾗデヴﾗヮｷI ヮｴ;ゲW Hﾗ┌ﾐS;ヴ┞ Iﾗﾏヮﾗゲｷデｷﾗﾐゲく J E┌ヴ CWヴ;ﾏ SﾗIく ヲヰヱヲき ンヲぎ ヴヴヱどヴヴΒく   
ぷヱヴへ W;ﾐｪ Dが C;ﾗ Mが )ｴ;ﾐｪ Sが Pｴ;ゲW Sｷ;ｪヴ;ﾏ ;ﾐS ヮヴﾗヮWヴデｷWゲ ﾗa PHふIﾐヱっヲNHヱっヲぶOンどPHふMｪヱっンNHヲっンぶOン ど
PHTｷOン ヮﾗﾉ┞Iヴ┞ゲデ;ﾉﾉｷﾐW IWヴ;ﾏｷIゲく J E┌ヴ CWヴ;ﾏ SﾗIく ヲヰヱヲき ンヲぎ ヴンンどヴンΓく 
ぷヱヵへ W;ﾐｪ Gが Lｷ Jが )ｴ;ﾐｪ Xが F;ﾐ )が Y;ﾐｪ Fが FWデWｷヴ; Aが )ｴﾗ┌ Dが SｷﾐIﾉ;ｷヴ DCが M; Tが T;ﾐ Xが W;ﾐｪ Dが RW;ﾐW┞ IMが 
Uﾉデヴ;ｴｷｪｴ WﾐWヴｪ┞ ゲデﾗヴ;ｪW SWﾐゲｷデ┞ ﾉW;SどaヴWW ﾏ┌ﾉデｷﾉ;┞Wヴゲ H┞ IﾗﾐデヴﾗﾉﾉWS WﾉWIデヴｷI;ﾉ ｴﾗﾏﾗｪWﾐWｷデ┞く EﾐWヴｪ┞ 
Eﾐ┗ｷヴﾗﾐ SIｷく ヲヰヱΓき ヱヲぎ ヵΒヲどヵΒΒく 
ぷヱヶへ W;ﾐｪ Dが F;ﾐ )が )ｴﾗ┌ Dが KｴWゲヴﾗ Aが M┌ヴ;ﾆ;ﾏｷ Sが FWデWｷヴ; Aが )ｴ;ﾗ Qが T;ﾐ Xが RW;ﾐW┞ IMが Bｷゲﾏ┌デｴ aWヴヴｷデWど
H;ゲWS ﾉW;S aヴWW IWヴ;ﾏｷIゲ ;ﾐS ﾏ┌ﾉデｷﾉ;┞Wヴゲ ┘ｷデｴ ｴｷｪｴ ヴWIﾗ┗Wヴ;HﾉW WﾐWヴｪ┞ SWﾐゲｷデ┞く J M;デWヴ CｴWﾏ Aく ヲヰヱΒき 
ヶぎ ヴヱンンどヴヱヴヴく 
ぷヱΑへ W;ﾐｪ Dが F;ﾐ )が Lｷ Wが )ｴﾗ┌ Dが FWデWｷヴ; Aが W;ﾐｪ Gが M┌ヴ;ﾆ;ﾏｷ Sが S┌ﾐ Sが )ｴ;ﾗ Qが T;ﾐ Xが RW;ﾐW┞ IMが Hｷｪｴ 
WﾐWヴｪ┞ ゲデﾗヴ;ｪW SWﾐゲｷデ┞ ;ﾐS ﾉ;ヴｪW ゲデヴ;ｷﾐ ｷﾐ Bｷふ)ﾐヲっンNHヱっンぶOンどSﾗヮWS BｷFWOンどB;TｷOン IWヴ;ﾏｷIゲく ACS Aヮヮﾉ 
EﾐWヴｪ┞ M;デWヴく ヲヰヱΒきヱ ふΒぶぎ ヴヴヰンどヴヴヱヲく 
ぷヱΒへ M┌ヴ;ﾆ;ﾏｷ Sが W;ﾐｪ Dが Mﾗゲデ;WS Aが KｴWゲヴﾗ Aが FWデWｷヴ; Aが SｷﾐIﾉ;ｷヴ DCが F;ﾐ )が T;ﾐ Xが RW;ﾐW┞ IMが Hｷｪｴ 
ゲデヴ;ｷﾐ ふヰくヴХぶ BｷふMｪヲっンNHヱっンぶOンどB;TｷOンどBｷFWOン ﾉW;SどaヴWW ヮｷW┣ﾗWﾉWIデヴｷI IWヴ;ﾏｷIゲ ;ﾐS ﾏ┌ﾉデｷﾉ;┞Wヴゲく J Aﾏ 
CWヴ;ﾏ SﾗIく ヲヰヱΒきヱヰヱぎ ヵヴヲΒどヵヴヴヲく 
ぷヱΓへ M┌ヴ;ﾆ;ﾏｷ Sが AｴﾏWS NTAFが W;ﾐｪ Dが FWデWｷヴ; Aが SｷﾐIﾉ;ｷヴ DCが RW;ﾐW┞ IMが Oヮデｷﾏｷゲｷﾐｪ Sﾗヮ;ﾐデゲ ;ﾐS 
ヮヴﾗヮWヴデｷWゲ ｷﾐ BｷMWOン ふMW Э Aﾉが G;が SIが Yが MｪヲっンNHヱっンが )ﾐヲっンNHヱっンが )ﾐヱっヲTｷヱっヲぶ ﾉW;SどaヴWW B;TｷOンどBｷFWOン H;ゲWS 
IWヴ;ﾏｷIゲ aﾗヴ ;Iデ┌;デﾗヴ ;ヮヮﾉｷI;デｷﾗﾐゲく J E┌ヴ CWヴ;ﾏ SﾗIく ヲヰヱΒきンΒぎ ヴヲヲヰどヴヲンヱく 
ぷヲヰへ W;ﾐｪ Dが KｴWゲヴﾗ Aが M┌ヴ;ﾆ;ﾏｷ Sが FWデWｷヴ; Aが )ｴ;ﾗ Qが RW;ﾐW┞ IMが TWﾏヮWヴ;デ┌ヴW SWヮWﾐSWﾐデが ﾉ;ヴｪW 
WﾉWIデヴﾗﾏWIｴ;ﾐｷI;ﾉ ゲデヴ;ｷﾐ ｷﾐ NSどSﾗヮWS BｷFWOンどB;TｷOン ﾉW;SどaヴWW IWヴ;ﾏｷIゲく J E┌ヴ CWヴ;ﾏ SﾗIく ヲヰヱΑきンΑふヴぶぎ 
ヱΒヵΑどヱΒヶヰく 
ぷヲヱへ KｴWゲヴﾗ Aが W;ﾐｪ Dが H┌ゲゲ;ｷﾐ Fが SｷﾐIﾉ;ｷヴ DCが FWデWｷヴ; Aが RW;ﾐW┞ IMが TWﾏヮWヴ;デ┌ヴW ゲデ;HﾉW ;ﾐS a;デｷｪ┌W 
ヴWゲｷゲデ;ﾐデ ﾉW;SどaヴWW IWヴ;ﾏｷIゲ aﾗヴ ;Iデ┌;デﾗヴゲく Aヮヮﾉ Pｴ┞ゲ LWデデく ヲヰヱヶきヱヰΓ ふヱヴぶぎヱヴヲΓヰΑく 
ぷヲヲへ W;ﾐｪ Gが H;ﾉﾉ DAが Lｷ Yが M┌ヴヴ;┞ CAが T;ﾐｪ CCが Sデヴ┌Iデ┌ヴ;ﾉ Iｴ;ヴ;IデWヴｷ┣;デｷﾗﾐ ﾗa デｴW WﾉWIデヴｷI aｷWﾉSどｷﾐS┌IWS 
aWヴヴﾗWﾉWIデヴｷI ヮｴ;ゲW ｷﾐ N;ヰくヵBｷヰくヵTｷOンどKNHOン IWヴ;ﾏｷIゲく J E┌ヴ CWヴ;ﾏ SﾗIく ヲヰヱヶき ンヶふヱヶぶぎヴヰヱヵどヴヰヲヱく 
ぷヲンへ D;ﾐｷWﾉゲ JEが Jﾗ Wが RﾜSWﾉ Jが JﾗﾐWゲ JLが EﾉWIデヴｷIどaｷWﾉSどｷﾐS┌IWS ヮｴ;ゲW デヴ;ﾐゲaﾗヴﾏ;デｷﾗﾐ ;デ ; ﾉW;SどaヴWW 
ﾏﾗヴヮｴﾗデヴﾗヮｷI ヮｴ;ゲW Hﾗ┌ﾐS;ヴ┞ぎ C;ゲW ゲデ┌S┞ ｷﾐ ; ΓンХふBｷヰくヵN;ヰくヵぶTｷOンどΑХB;TｷOン ヮｷW┣ﾗWﾉWIデヴｷI IWヴ;ﾏｷIく 
Aヮヮﾉ Pｴ┞ゲ LWデデく ヲヰヰΓきΓヵふンぶぎヰンヲΓヰヴく 
ぷヲヴへ AﾆゲWﾉ Eが FﾗヴヴWゲデWヴ JSが JﾗﾐWゲ JLが Tｴﾗﾏ;ゲ PAが P;ｪW Kが S┌IｴﾗﾏWﾉ MRが MﾗﾐﾗIﾉｷﾐｷI Iヴ┞ゲデ;ﾉ ゲデヴ┌Iデ┌ヴW ﾗa 
ヮﾗﾉ┞Iヴ┞ゲデ;ﾉﾉｷﾐW N;ヰくヵBｷヰくヵTｷOンく Aヮヮﾉ Pｴ┞ゲ LWデデく ヲヰヱヱき ΓΒふヱヵぶぎヱヵヲΓヰヱく 
ぷヲヵへ LW┗ｷﾐ Iが RW;ﾐW┞ IMが N;ﾐﾗど ;ﾐS MWゲﾗゲI;ﾉW Sデヴ┌Iデ┌ヴW ﾗa N;ヱでヲBｷヱでヲTｷOンぎ A TEM PWヴゲヮWIデｷ┗Wく AS┗ F┌ﾐIデ 
M;デWヴく ヲヰヱヲき ヲヲふヱヶぶぎンヴヴヵどンヴヵヲく 
ぷヲヶへ CｴWﾐ CSが CｴWﾐ PYが T┌ CSが Pﾗﾉ;ヴ ﾐ;ﾐﾗヴWｪｷﾗﾐゲ ;ﾐS SｷWﾉWIデヴｷI ヮヴﾗヮWヴデｷWゲ ｷﾐ ｴｷｪｴどゲデヴ;ｷﾐ ﾉW;SどaヴWW 
ヰくΓンふBｷヱっヲN;ヱっヲぶTｷOンどヰくヰΑB;TｷOン ヮｷW┣ﾗWﾉWIデヴｷI ゲｷﾐｪﾉW Iヴ┞ゲデ;ﾉゲく J Aヮヮﾉ Pｴ┞ゲ く ヲヰヱヴき ヱヱヵぶヱふぎヰヱヴヱヰヵ く 
ぷヲΑへ Jﾗ Wが Gヴ;ﾐ┣ﾗ┘ Tが A┌ﾉH;Iｴ Eが RﾜSWﾉ Jが D;ﾏﾃ;ﾐﾗ┗ｷI Dが Oヴｷｪｷﾐ ﾗa デｴW ﾉ;ヴｪW ゲデヴ;ｷﾐ ヴWゲヮﾗﾐゲW ｷﾐ ふKヰくヵN;ヰくヵぶ 
NHOンどﾏﾗSｷaｷWS ふBｷヰくヵN;ヰくヵぶTｷOンどB;TｷOン ﾉW;SどaヴWW ヮｷW┣ﾗIWヴ;ﾏｷIゲく J Aヮヮﾉ Pｴ┞ゲ く ヲヰヰΓきヱヰヵぶΓふぎヰΓヴヱヰヲ く 
ぷヲΒへ Rﾗ┞ﾉWゲ AJが BWﾉﾉ AJが JWヮｴIﾗ;デ APが KﾉWヮヮW AKが MｷﾉﾐW SJが Cﾗﾏ┞ﾐ TPが EﾉWIデヴｷIどaｷWﾉSどｷﾐS┌IWS ヮｴ;ゲW 
ゲ┘ｷデIｴｷﾐｪ ｷﾐ デｴW ﾉW;S aヴWW ヮｷW┣ﾗWﾉWIデヴｷI ヮﾗデ;ゲゲｷ┌ﾏ ゲﾗSｷ┌ﾏ Hｷゲﾏ┌デｴ デｷデ;ﾐ;デWく Aヮヮﾉ Pｴ┞ゲ LWデデく ヲヰヱヰき 
ΓΑふヱンぶぎヱンヲΓヰΓく 
ぷヲΓへ W;ﾐｪ Gが Lｷ Yが M┌ヴヴ;┞ CAが T;ﾐｪ CCが H;ﾉﾉ DAが TｴWヴﾏ;ﾉﾉ┞どｷﾐS┌IWS ヮｴ;ゲW デヴ;ﾐゲaﾗヴﾏ;デｷﾗﾐゲ ｷﾐ 
N;ヰくヵBｷヰくヵTｷOンどKNHOン IWヴ;ﾏｷIゲく J Aﾏ CWヴ;ﾏ SﾗIく ヲヰヱΑき ヱヰヰふΑぶぎンヲΓンどンンヰヴく 
ぷンヰへ L;ﾐaヴWSｷ Sが LWﾐデW MHが Eｷヴ;ゲ JAが Pｴ;ゲW デヴ;ﾐゲｷデｷﾗﾐ ;デ ﾉﾗ┘ デWﾏヮWヴ;デ┌ヴW ｷﾐ N;NHOン IWヴ;ﾏｷIく Aヮヮﾉ Pｴ┞ゲ 
LWデデく ヲヰヰヲき ΒヰふヱヵぶぎヲΑンヱく 
ぷンヱへ CｴWﾗﾐ CIが Jﾗﾗ HWが Cｴ;W KWが Kｷﾏ JSが LWW SHが Tﾗヴｷｷ Sが K;ﾏｷ┞;ﾏ; Tが MﾗﾐﾗIﾉｷﾐｷI aWヴヴﾗWﾉWIデヴｷI N;NHOン 
;デ ヴﾗﾗﾏ デWﾏヮWヴ;デ┌ヴWぎ Cヴ┞ゲデ;ﾉ ゲデヴ┌Iデ┌ヴW ゲﾗﾉ┗WS H┞ ┌ゲｷﾐｪ ゲ┌ヮWヴ ｴｷｪｴ ヴWゲﾗﾉ┌デｷﾗﾐ ﾐW┌デヴﾗﾐ ヮﾗ┘SWヴ 
Sｷaaヴ;Iデｷﾗﾐく M;デWヴ LWデデく ヲヰヱヵき ヱヵヶ ぎ ヲヱヴどヲヱΓく 
ぷンヲへ J┌ﾐｪ JHが LWW Mが Hﾗﾐｪ JIが Dｷﾐｪ Yが CｴWﾐ CYが Cｴﾗ┌ LJが W;ﾐｪ )Lが LW;SどFヴWW N;NHOン N;ﾐﾗ┘ｷヴWゲ aﾗヴ ; Hｷｪｴ 
O┌デヮ┌デ PｷW┣ﾗWﾉWIデヴｷI N;ﾐﾗｪWﾐWヴ;デﾗヴく ACS N;ﾐﾗく ヲヰヱヱきヵふヱヲぶぎヱヰヰヴヱどヱヰヰヴヶく 
ぷンンへ )ｴﾗ┌ Mが Lｷ;ﾐｪ Rが )ｴﾗ┌ )が Dﾗﾐｪ Xが S┌ヮWヴｷﾗヴ WﾐWヴｪ┞ ゲデﾗヴ;ｪW ヮヴﾗヮWヴデｷWゲ ;ﾐS W┝IWﾉﾉWﾐデ ゲデ;Hｷﾉｷデ┞ ﾗa ﾐﾗ┗Wﾉ 
N;NHOンどH;ゲWS ﾉW;SどaヴWW IWヴ;ﾏｷIゲ ┘ｷデｴ AどゲｷデW ┗;I;ﾐI┞ ﾗHデ;ｷﾐWS ┗ｷ; ;BｷヲOン ゲ┌Hゲデｷデ┌デｷﾗﾐ ゲデヴ;デWｪ┞く J M;デ 
CｴWﾏ Aく ヲヰヱΒきヶぎヱΑΒΓヶく 
ぷンヴへ G┌ﾗ Yが K;ﾆｷﾏﾗデﾗ KIが Oｴゲ;デﾗ Hが ふN;ヰくヵKヰくヵぶNHOンどLｷT;Oン ﾉW;SどaヴWW ヮｷW┣ﾗWﾉWIデヴｷI IWヴ;ﾏｷIゲく M;デWヴ LWデデく 
ヲヰヰヵき ヵΓふヲぶぎヲヴヱどヲヴヴく 
ぷンヵへ Lｷﾐ Dが Xｷ;ﾗ Dが )ｴ┌ Jが Y┌ Pが Y;ﾐ Hが Lｷ Lが S┞ﾐデｴWゲｷゲ ;ﾐS ヮｷW┣ﾗWﾉWIデヴｷI ヮヴﾗヮWヴデｷWゲ ﾗa ﾉW;SどaヴWW ヮｷW┣ﾗWﾉWIデヴｷI 
ぷBｷヰくヵふN;ヱЪ┝Ъ┞K┝Lｷ┞ぶヰくヵへTｷOン IWヴ;ﾏｷIゲく M;デWヴ LWデデく ヲヰヰヴき ヵΒふヵぶぎヶヱヵどヶヱΒく 
ぷンヶへ Lｷ Yが CｴWﾐ Wが )ｴﾗ┌ Jが X┌ Qが S┌ﾐ Hが X┌ Rが DｷWﾉWIデヴｷI ;ﾐS ヮｷW┣ﾗWﾉWIヴデｷI ヮヴﾗヮWヴデｷWゲ ﾗa ﾉW;SどaヴWW 
ふN;ヰくヵBｷヰくヵぶTｷOンどN;NHOン IWヴ;ﾏｷIゲく M;デWヴ SIｷ Eﾐｪ Bく ヲヰヰヴき ヱヱヲふヱぶぎヵどΓく 
ぷンΑへ W┌ CCが Lｷﾐ YHが CｴWﾐｪ PSが Cｴ;ﾐ CCが Y;ﾐｪ CFが TｴW Iﾐaﾉ┌WﾐIWゲ ﾗa N;NHOン ﾗﾐ デｴW DｷWﾉWIデヴｷI ;ﾐS 
Sデヴ┌Iデ┌ヴW Cｴ;ヴ;IデWヴｷゲデｷIゲ ﾗa ふヱど┝ぶ ふN;ヰくヵBｷヰくヵぶTｷOンど┝N;NHOン CWヴ;ﾏｷIゲく AS┗ M;デWヴ RWゲく ヲヰヱヲき ヴヱヵど
ヴヱΑ ぎヱヰヶヴどヱヰヶΓく 
ぷンΒへ Lｷ YMが CｴWﾐ Wが )ｴﾗ┌ Jが X┌ Qが G┌ XYが Lｷ;ﾗ RHが IﾏヮWS;ﾐIW ゲヮWIデヴﾗゲIﾗヮ┞ ;ﾐS SｷWﾉWIデヴｷI ヮヴﾗヮWヴデｷWゲ ﾗa 
N;ヰくヵBｷヰくヵTｷOンどN;NHOン IWヴ;ﾏｷIゲく Pｴ┞ゲｷI; Bぎ CﾗﾐSWﾐゲWS M;デデWヴく ヲヰヰヵき ンヶヵふヱどヴぶぎΑヶどΒヱく 
ぷンΓへ X┌ Qが Sﾗﾐｪ )が T;ﾐｪ Wが H;ﾗ Hが )ｴ;ﾐｪ Lが Aヮヮｷ;ｴ Mが C;ﾗ Mが Y;ﾗ )が HW )が Lｷ┌ Hが TヴﾗｷﾉWヴどMIKｷﾐゲデヴ┞ Sが 
Uﾉデヴ;どWｷSW TWﾏヮWヴ;デ┌ヴW Sデ;HﾉW DｷWﾉWIデヴｷIゲ B;ゲWS ﾗﾐ BｷヰくヵN;ヰくヵTｷOンどN;NHOン S┞ゲデWﾏく J Aﾏ CWヴ;ﾏ SﾗIく 
ヲヰヱヵきΓΒふヱヰぶぎンヱヱΓどンヱヲヶく 
ぷヴヰへ W;ﾐｪ Gが H;ﾉﾉ DAが Cﾗﾏ┞ﾐ TPが D;ﾐｷWﾉ Lが KﾉWヮヮW AKが Sデヴ┌Iデ┌ヴW ;ﾐS aWヴヴﾗWﾉWIデヴｷI HWｴ;┗ｷﾗ┌ヴ ﾗa 
N;ヰくヵBｷヰくヵTｷOンどKNHOン IWヴ;ﾏｷIゲが AS┗ Aヮヮﾉ CWヴ;ﾏく ヲヰヱヶきヱヱヵふヲぶぎΒΓどΓヵく 
ぷヴヱへ F;ﾐく )が Lｷ┌く Xが T;ﾐく Xが L;ヴｪW WﾉWIデヴﾗI;ﾉﾗヴｷI ヴWゲヮﾗﾐゲWゲ ｷﾐ ぷBｷヱっヲふN;がKぶヱっヲへTｷOンどH;ゲWS IWヴ;ﾏｷIゲ ┘ｷデｴ ｪｷ;ﾐデ 
WﾉWIデヴﾗどゲデヴ;ｷﾐゲが J Aﾏ CWヴ;ﾏ SﾗIく ヲヰヱΑきヱヰヰぎヲヰΒΒどヲヰΓΑく 
ぷヴヲへ F;ﾐく )が )ｴﾗ┌く Lが Kｷﾏく THが )ｴ;ﾐｪく Jが )ｴ;ﾐｪく STが T;ﾐく Xが MWIｴ;ﾐｷゲﾏゲ ﾗa Wﾐｴ;ﾐIWS デｴWヴﾏ;ﾉ ゲデ;Hｷﾉｷデ┞ ﾗa 
ヮﾗﾉ;ヴｷ┣;デｷﾗﾐ ｷﾐ ﾉW;SどaヴWW ふBｷヱっヲN;ヱっヲぶヰくΓヴB;ヰくヰヶTｷOンっ)ﾐO IWヴ;ﾏｷI IﾗﾏヮﾗゲｷデWが Pｴ┞ゲ RW┗ M;デWヴく 
ヲヰヱΓきンぎヰヲヴヴヰヲく 
ぷヴンへ F;ﾐく )が T;ﾐく Xが D┌;ﾉどゲデｷﾏ┌ﾉｷ ｷﾐどゲｷデ┌ TEM ゲデ┌S┞ ﾗﾐ デｴW ﾐﾗﾐWヴｪﾗSｷIっWヴｪﾗSｷI Iヴﾗゲゲﾗ┗Wヴ ｷﾐ デｴW  
ヰくΑヵふBｷヱっヲN;ヱっヲぶTｷOンにヰくヲヵSヴTｷOン ヴWﾉ;┝ﾗヴが Aヮヮﾉく Pｴ┞ゲく LWデデく ふヲヰヱΓぶが ｷﾐ ヮヴWゲゲく 
ぷヴヴへ H;ﾉﾉ DAが SデW┗Wﾐゲﾗﾐ PJが M┌ﾉﾉｷﾐゲ TRが DｷWﾉWIデヴｷI ﾐﾗﾐﾉｷﾐW;ヴｷデ┞ ｷﾐ ｴ;ヴS ヮｷW┣ﾗWﾉWIデヴｷI IWヴ;ﾏｷIゲが Bヴｷデ CWヴ 
PヴﾗIく ヱΓΓΑき ヵΑぎヱΓΑどヲヱヱく 
ぷヴヵへ Tｴﾗﾏヮゲﾗﾐ SPが P;ヴﾆWヴ JEが PﾗデデWヴ Jが Hｷﾉﾉ TPが Bｷヴデ Aが CﾗHH TMが Y┌;ﾐ Fが T;ﾐｪ CCが BW;ﾏﾉｷﾐW Iヱヱ ;デ Dｷ;ﾏﾗﾐSぎ 
A ﾐW┘ ｷﾐゲデヴ┌ﾏWﾐデ aﾗヴ ｴｷｪｴ ヴWゲﾗﾉ┌デｷﾗﾐ ヮﾗ┘SWヴ Sｷaaヴ;Iデｷﾗﾐく RW┗ SIｷ Iﾐゲデヴ┌ﾏく ヲヰヰΓき ΒヰふΑぶぎヰΑヵヱヰΑく 
ぷヴヶへ G;ヴｪ Rが R;ﾗ BNが SWﾐ┞ゲｴ┞ﾐ Aが Kヴｷゲｴﾐ; PSRが R;ﾐﾃ;ﾐ Rが LW;SどaヴWW ヮｷW┣ﾗWﾉWIデヴｷI ゲ┞ゲデWﾏ ふN;ヰくヵBｷヰくヵぶTｷOンど
B;TｷOンぎ Eケ┌ｷﾉｷHヴｷ┌ﾏ ゲデヴ┌Iデ┌ヴWゲ ;ﾐS ｷヴヴW┗WヴゲｷHﾉW ゲデヴ┌Iデ┌ヴ;ﾉ デヴ;ﾐゲaﾗヴﾏ;デｷﾗﾐゲ Sヴｷ┗Wﾐ H┞ WﾉWIデヴｷI aｷWﾉS ;ﾐS 
ﾏWIｴ;ﾐｷI;ﾉ ｷﾏヮ;Iデが Pｴ┞ゲ RW┗ Bく ヲヰヱンきΒΒぎヰヱヴヱヰンく 
ぷヴΑへ Dｷaaヴ;I ヮﾉ┌ゲ TOPAS ┗く ンくヰ ふM;ﾐ┌;ﾉぶが BRUKER AXS GﾏHHが K;ヴﾉゲヴ┌ｴWが ヲヰヰヶく 
ぷヴΒへ Jﾗ Wが D;ﾐｷWﾉゲ JEが JﾗﾐWゲ JLが T;ﾐ Xが Tｴﾗﾏ;ゲ PAが D;ﾏﾃ;ﾐﾗ┗ｷI Dが RﾜSWﾉ Jが E┗ﾗﾉ┗ｷﾐｪ ﾏﾗヴヮｴﾗデヴﾗヮｷI ヮｴ;ゲW 
Hﾗ┌ﾐS;ヴ┞ ｷﾐ ﾉW;SどaヴWW ふBｷヱっヲN;ヱっヲぶTｷOンどB;TｷOン ヮｷW┣ﾗIWヴ;ﾏｷIゲく J Aヮヮﾉ Pｴ┞ゲ く ヲヰヱヱき ヱヰΓぶヱふぎヰヱヴヱヱヰ く 
ぷヴΓへ Sｴ;ﾐﾐﾗﾐ RDが RW┗ｷゲWS EaaWIデｷ┗W IﾗﾐｷI R;Sｷｷ ;ﾐS S┞ゲデWﾏ;デｷI Sデ┌SｷWゲ ﾗa IﾐデWヴ;デﾗﾏｷI Dｷゲデ;ﾐIWゲ ｷﾐ H;ﾉｷSWゲ 
;ﾐS Cｴ;ヮIﾗｪWﾐｷSWゲく AIデ; Cヴ┞ゲデ;ﾉﾉﾗｪヴ A く ヱΓΑヶき Aンヲ ぎΑヵヱ く 
ぷヵヰへ Vｷﾗﾉ; Gが Mﾆｷﾐﾐﾗﾐ Rが Kﾗ┗;ﾉ Vが ASﾗﾏﾆW┗ｷIｷ┌ゲ Aが D┌ﾐﾐ Sが Y;ﾐ Hが Lｷデｴｷ┌ﾏどIﾐS┌IWS Pｴ;ゲW Tヴ;ﾐゲｷデｷﾗﾐゲ ｷﾐ 
LW;SどFヴWW BｷヰくヵN;ヰくヵTｷOン B;ゲWS CWヴ;ﾏｷIゲく J Pｴ┞ゲ CｴWﾏ Cく ヲヰヱヴき ヱヱΒふヱヶぶぎΒヵヶヴどΒヵΑヰく 
ぷヵヱへ Jﾗ Wが SIｴ;;H Sが S;ヮヮWヴ Eが SIｴﾏｷデデ LAが KﾉWWHW HJが BWﾉﾉ AJが RﾜSWﾉ Jが Oﾐ デｴW ヮｴ;ゲW ｷSWﾐデｷデ┞ ;ﾐS ｷデゲ 
デｴWヴﾏ;ﾉ W┗ﾗﾉ┌デｷﾗﾐ ﾗa ﾉW;S aヴWW ふBｷヱっヲN;ヱっヲぶTｷOンどヶ爆ﾏﾗﾉХ B;TｷOンく J Aヮヮﾉ Pｴ┞ゲ く ヲヰヱヱき ヱヱヰぶΑふぎヰΑヴヱヰヶ く 
ぷヵヲへ S;ヮヮWヴ Eが SIｴ;;H Sが Jﾗ Wが Gヴ;ﾐ┣ﾗ┘ Tが RﾜSWﾉ Jが Iﾐaﾉ┌WﾐIW ﾗa WﾉWIデヴｷI aｷWﾉSゲ ﾗﾐ デｴW SWヮﾗﾉ;ヴｷ┣;デｷﾗﾐ 
デWﾏヮWヴ;デ┌ヴW ﾗa MﾐどSﾗヮWS ふヱど┝ぶBｷヱっヲN;ヱっヲTｷOンど┝B;TｷOンく J Aヮヮﾉ Pｴ┞ゲ く ヲヰヱヲき ヱヱヱぶヱふぎヰヱヴヱヰヵ く 
ぷヵンへ DｷデデﾏWヴ Rが LW;SどFヴWW PｷW┣ﾗIWヴ;ﾏｷIゲ EヴｪﾗSｷI ;ﾐS NﾗﾐWヴｪﾗSｷI RWﾉ;┝ﾗヴ FWヴヴﾗWﾉWIデヴｷIゲ B;ゲWS ﾗﾐ 
Bｷゲﾏ┌デｴ SﾗSｷ┌ﾏ Tｷデ;ﾐ;デWが Uﾐｷ┗Wヴゲｷデ┞ ﾗa D;ヴﾏゲデ;Sデが ヲヰヱンく 
ぷヵヴへ S┘;ｷﾐ Sが S┞ﾐデｴWゲｷ┣W ;ﾐS Cｴ;ヴ;IデWヴｷ┣;デｷﾗﾐゲ ﾗa SヴBｷヲT;ヲOΓ MﾗSｷaｷWS NBTどBT ;ﾐS NBTどKNN FWヴヴﾗWﾉWIデヴｷI 
CWヴ;ﾏｷIゲ ﾐW;ヴ MﾗヴヮｴﾗデヴﾗヮｷI Pｴ;ゲW Bﾗ┌ﾐS;ヴ┞く N;デｷﾗﾐ;ﾉ Iﾐゲデｷデ┌デW ﾗa TWIｴﾐﾗﾉﾗｪ┞ Rﾗ┌ヴﾆWﾉ;が ヲヰヱヵく 
ぷヵヵへ )ｴ;ﾗ Jが C;ﾗ Mが W;ﾐｪ )が X┌ Qが )ｴ;ﾐｪ Lが Y;ﾗ )が H;ﾗ Hが Lｷ┌ Hが Eﾐｴ;ﾐIWﾏWﾐデ ﾗa WﾐWヴｪ┞どゲデﾗヴ;ｪW 
ヮヴﾗヮWヴデｷWゲ ﾗa KヰくヵN;ヰくヵNHOン ﾏﾗSｷaｷWS N;ヰくヵBｷヰくヵTｷOンどKヰくヵBｷヰくヵTｷOン ﾉW;SどaヴWW IWヴ;ﾏｷIゲく J M;デWヴ SIｷ M;デWヴ 











Captions of all figures 
Figure 1. Selected diffraction peak profiles of {110}p, {111}p, {200}p, and {211}p for NBT-xNN 
powders with x=0.02-0.08, showing both unpoled (black lines) and poled (red lines) states. 
Figure 2. The SXPD full pattern refinements for (a) unpoled NBT-0.02NN, (b) unpoled NBT-
0.04NN, (c) poled NBF-0.02NN and (d) poled NBT-0.04NN. The black circles are experimental 
data, the red line represents the calculated results from the full-pattern refinement, and the 
green line is the difference profile between experimental and calculated diffraction patterns.  
Figure 3. Variations in (a) lattice parameter and (b) inter-axial angle as a function of composition 
for both unpoled and poled NBT-xNN ceramic powders. The uncertainty in lattice parameters if 
not shown lies within the size of the data point. 
Figure 4. (a-d) P-E and J-E loops (e-f) Variations in Pmax, Prem, Ec and d33 with NN content for 
NBT-xNN ceramics. *The d33 value for x=0.00 was obtained from literature.[36]  
Figure 5. (a) Bipolar and (b) Unipolar S-E loops for NBT-xNN (x=0.02-0.08) ceramics. 
Figure 6. SEM images of polished ceramic cross-sections for (a) NBT-0.02NN (b) NBT-0.04NN 







Captions of all Tables 
Table 1. Phase fractions and crystallographic parameters determined from full-pattern 
refinements for NBT-0.02NN (2NN) and NBT-0.04NN (4NN), in both unpoled (UN) and poled 
(P) states; R: R3c, C: Pm ത͵m and T: P4bm phase; GOF: Goodness of Fitting. 
 
 
 
 
